Abstract-Rainbow trout embryos and larvae were exposed to 0, 0.1, and 1 g/L total silver (as AgNO 3 ) in water of three different hardnesses (soft water [2 mg/L as CaCO 3 ], moderately hard water [150 mg/L], and hard water [400 mg/L]) in a flowthrough system from fertilization to swim-up (64 d). The objective of the study was to investigate the effects of water hardness on chronic silver toxicity. In the absence of silver, elevating hardness had a positive effect on early life stage survival and development, significantly decreasing mortality and accelerating time to 50% swim-up. Following hatch, exposure to 1 g/L Ag significantly increased mortality relative to exposure to 0 g/L Ag. No significant effects of silver on time to 50% hatch were observed; however, time to 50% swim-up was delayed, and 50% swim-up was not achieved over the course of the experiment during some exposures to 1 g/L Ag. These results suggest that the current Canadian Water Quality Guideline
INTRODUCTION
Silver, when present as ionic silver (Ag ϩ ), is one of the most acutely toxic metals to freshwater fish with 96-h median lethal concentration (LC50) values between 5 and 70 g/L total silver [1] . In juvenile and adult rainbow trout, acute toxicity occurs through noncompetitive inhibition of active Na ϩ and Cl Ϫ uptake at the gills, a consequence of impairment of the gill enzymes sodium, potassium-adenosine triphosphatase (Na ϩ K ϩ -ATPase) and carbonic anhydrase by Ag ϩ [2] . Inhibition of active ion uptake leads to reductions in plasma Na ϩ and Cl Ϫ levels, which in turn initiate a suite of secondary effects that ultimately lead to circulatory collapse and mortality [3] .
Elevating water hardness (which is a function primarily of the Ca 2ϩ and Mg 2ϩ concentration of the water) decreases acute silver toxicity, although the protective effect is modest. For example, Davies et al. [4] demonstrated a twofold increase in the 96-h LC50 value for silver in juvenile rainbow trout when hardness was increased from 26 mg/L (as CaCO 3 ) to 350 mg/ L, while Bury et al. [5, 6] found a small but insignificant increase in the 96-h LC50 value for silver (1.5-fold increase) when the water Ca 2ϩ concentration was increased 40-fold. The protective effect of water hardness likely arises through the relatively weak competition of Ca 2ϩ and Mg 2ϩ with Ag ϩ for interaction at the gills [7, 8] and the well-known effect of these cations, particularly Ca 2ϩ , in stabilizing the permeability of the gill epithelium [9] [10] [11] . These studies have contributed to the * To whom correspondence may be addressed (slewdog@sympatico.ca).
development of acute biotic ligand models (BLM), designed to provide site-specific prediction of acute silver toxicity (e.g., 96-h LC50 value) as a function of water chemistry [12, 13] .
Chronically, silver is also toxic to rainbow trout, and the mechanism of toxicity is similar to that of acute silver toxicity, involving an ionoregulatory disturbance. Exposure of rainbow trout to silver from fertilization to hatch or swim-up was associated with elevated mortality, delayed time to 50% hatch and swim-up, plus reduced whole-body Na ϩ levels and Na ϩ K ϩ -ATPase activity [14] [15] [16] . To our knowledge, no published studies have investigated the effects of water hardness on chronic silver toxicity in rainbow trout. Understanding the effects of water hardness on chronic toxicity is particularly important because of recent interest in the development of a chronic BLM for prediction of chronic silver toxicity [17] .
The objective of the present study was to investigate the effects of water hardness on chronic silver toxicity in rainbow trout. Rainbow trout (embryos and larvae) were exposed to 0, 0.1, and 1.0 g/L of total silver (as AgNO 3 ; nominal values) in water of three different hardnesses (soft water [2 mg/L as CaCO 3 ], moderately hard water [150 mg/L], and hard water [400 mg/L], respectively) from fertilization to swim-up and monitored for toxicological responses, including mortality, time to hatch, and time to swim-up. The actual exposure levels of silver and hardness cations were measured in the test waters. The concentrations of 0.1 and 1 g/L Ag were chosen because the former represents the current Canadian Water Quality Guideline for silver [18] and the latter is the lowest concentration of silver that has been reported to cause significant effects on rainbow trout early life stages [14] . The water hardWater hardness and chronic silver toxicity in rainbow trout Environ. Toxicol. Chem. 24, 2005 1643 nesses of 2, 150, and 400 mg/L were chosen because they are representative of the range of water hardnesses found in Canadian lakes and rivers [19] .
MATERIALS AND METHODS

Experimental animals
Approximately 15,000 freshly fertilized rainbow trout eggs were obtained from the Rainbow Springs Trout Hatchery (Thamesford, ON, Canada). Eggs were maintained in a 10-L light-shielded container that received flowing dechlorinated Hamilton city (ON, Canada) tap water (approximate ionic composition in mM: 0. 6 3 mg C/L dissolved organic carbon; pH 7.5) while being transferred to the experimental exposure system (described later). Water temperature was maintained at 11.1 Ϯ 0.1ЊC during transfer to the exposure containers and for the duration of the experiment.
Experimental protocol
Eggs were distributed to exposure containers and exposed in three different water hardnesses (soft water, moderately hard water and hard water; nominal levels of 2, 150, and 400 mg/ L as CaCO 3 , respectively) to three different water silver concentrations (nominal concentrations of 0, 0.1, and 1 g/L total silver as AgNO 3 ) over a period of 64 d (from 3 h postfertilization to swim-up) in a flow-through system. For each treatment, two exposure containers were used. The first exposure container contained 1,000 eggs (in 4 L of water), and the second contained 500 eggs (in 2 L of water). Mortality, percent hatch, and percent swim-up were measured in eggs and larvae from both exposure containers. Because rainbow trout eggs are photosensitive early in development, they were kept in covered, dark containers, and the lights were turned off during nonsampling periods.
For the soft water exposures (2 mg/L), acidified stock solutions (0.5% HNO 3 , trace metal grade; Fisher Scientific, Toronto, ON, Canada) of AgNO 3 in distilled, deionized water were made up in 1-L amber bottles at 1,000 times the final desired concentration. For the moderately hard water and hard water exposures (150 and 400 mg/L), acidified stock solutions (0.5% HNO 3 , trace metal grade; Fisher Scientific) of AgNO 3 , calcium sulfate, and magnesium sulfate in distilled, deionized water were made up in 4-L light-shielded glass flasks at 1,000 times the final desired concentration. Calcium sulfate and magnesium sulfate were mixed in a 3-to-1 ratio to achieve the desired levels of water hardness of moderately hard water (1.125 mM Ca 2ϩ ϩ 0.375 mM Mg 2ϩ , equivalent to 150 mg CaCO 3 /L) and hard water (3 mM Ca 2ϩ ϩ 1 mM Mg 2ϩ , equivalent to 400 mg CaCO 3 /L), respectively [20] . Because of the insolubility of calcium sulfate and magnesium sulfate at such high concentrations, the stock solutions were constantly stirred on magnetic stirrers for the duration of the experiment. All stock solutions were delivered via peristaltic pump to 150-ml header tanks at a flow rate of 0.1 ml/min and were mixed with synthetic soft water, generated by reverse osmosis of Hamilton city dechlorinated tap water (approximate ionic composition in mM; 0.05
; 2 mg/L as CaCO 3 hardness; 0.5 mg C/L dissolved organic carbon; pH 7) flowing at 100 ml/min. This resulted in 1,000-fold dilutions of the stock solutions, yielding nine nominal
and 1 g/L Ag ϩ hard water (400 mg/L). The header tanks were vigorously aerated to facilitate mixing of the stock solutions with the soft water, and the overflow was directed to the exposure containers at a flow rate of 100 ml/min. This flow rate yielded 90 and 180 volume additions per day in the 4-and 2-L exposure containers, respectively. The high flow rate was necessary to avoid the changes in silver speciation associated with dissolved organic carbon accumulation in the exposure containers.
Because 0.1 g/L Ag is very close to the detection limit of the graphite furnace atomic absorption spectrophotometer (0.05 g/L Ag), 10 Ci (370 kBq) of 110 m Ag/L (Risoe Nuclear Research Reactor, Roskilde, Denmark) were added to the stock solution of the 0.1-g/L Ag treatment group, enabling the silver concentration in the exposure water to be measured by radioisotopic dilution (see the following discussion).
Mortality, percent hatch, and percent swim-up were determined daily. Dead embryos or larvae were removed daily from the exposure chambers. Early in development, the criterion for mortality was whiteness, while later in development it was cessation of heartbeat.
Water samples were taken approximately once a week from each exposure chamber and immediately acidified to 0.5 volume/volume percent (volume/volume%) with HNO 3 (trace metal grade; Fisher Scientific) for determination of water total and dissolved (0.45-Acrodisc polyethersulfone syringe filters, Pall Gelman Laboratory, Ann Arbor, MI, USA) silver concentrations and calcium and magnesium concentrations. Water and stock solution flow rates were checked every second day. The temperature of the exposure water was recorded daily.
Water analyses
Analysis of the water total and dissolved silver concentrations from the 1-g/L Ag treatment groups was conducted by graphite furnace atomic absorption spectrophotometry (Varian 1275, GTA-95, Varian, Mississauga, ON, Canada). Silver in the 0-g/L treatment groups was below the detection limit of the graphite furnace atomic absorption spectrophotometer for silver (Ͻ0.05 g/L). Analysis of the water total silver concentrations from the 0.1-g/L Ag treatment group was conducted by radioisotopic dilution. To do this, the total silver concentration of the stock solution was measured by graphite furnace atomic absorption spectrophotometry (Varian 1275), while the radioactivity of 110m Ag in the stock solution was measured by gamma counting (MINAXI Auto-gamma 5000 series, Canberra-Packard, Toronto, ON, Canada). The specific activity of the stock solution was then calculated (cpm/g Ag).
The water total silver concentrations in the exposure containers were calculated by dividing the measured 110m Ag activity (cpm) of the exposure water by the measured specific activity of the stock solution (cpm/g Ag).
The calcium and magnesium concentrations of the exposure water were determined by flame atomic absorption spectrophotometry (Varian 1275).
Silver speciation in each exposure was calculated using the aquatic geochemical program MINEQLϩ [21] based on the known water chemistry (see the previous discussion) and appropriate binding constants from Janes and Playle [7] .
Environ. Toxicol. Chem. 24, 2005 T.P. Morgan et al. Table 1 . Nominal and measured total silver concentrations and calcium and magnesium concentrations as well as silver speciation as calculated using MINEQLϩ [21] . Ag-DOM ϭ silver-dissolved organic matter complex
Nominal Up to 50% hatch, exposure to 0.1 and 1 g/L Ag had no significant effects on daily % mortality, while following hatch, exposure to 1 g/L Ag significantly increased daily % mortality relative to exposure to 0 g/L Ag at 2 and 150 mg/L hardness (one-way analysis of variance followed by a Tukey's post hoc test, p Ͻ 0.05). Daily % mortality was significantly greater at 2-than at 150-and 400-mg/L hardness during exposure to 0 and 1 g/L Ag, although no significant differences were observed between the 150-and 400-mg/L hardnesses (one-way analysis of variance followed by a Tukey's post hoc test, p Ͻ 0.05).
Statistics
Differences in mortality among treatments were tested up to 50% hatch and following 50% hatch to the end of the experiment using a one-way analysis of variance on the number of mortalities per day (i.e., on noncumulative mortality), followed by a Tukey's post hoc test. Median times to hatch and swim-up were determined by log-probit analysis, and differences were tested among treatments using a one-way analysis of variance, followed by a Tukey's post hoc test. Values are means Ϯ standard error of the mean (n). The level of statistical significance for all analyses was p Ͻ 0.05.
RESULTS
Water chemistry
The measured water total silver concentrations were generally within 20% of the nominal water silver concentrations, with the greatest deviation in measured values from nominal values occurring in the 1-g/L Ag exposures (Table 1 ). In the 1-g/L Ag exposures, measured filtered water silver concentrations were within 31% of the total silver concentrations, indicating that a substantial proportion of the silver was dissolved, and filtered concentrations did not differ between respective water hardness treatments (mean 0.69 Ϯ 0.03 g/L Ag; data not shown). The measured water calcium concentrations tended to be slightly higher but within 18% of the nominal concentration of 1.125 mM and slightly lower but within 8% of the nominal concentration of 3 mM. The measured magnesium concentrations were slightly lower but within 17% of the nominal concentration of 0.375 mM and within 27% of the nominal concentration of 1 mM. Because of the close agreement between nominal and measured values, nominal values will be referred to throughout the remainder of the paper for clarity. The results of the silver speciation calculations are also included in Table 1 and indicate that both ionic silver and silver-dissolved organic matter complexes were present in the exposure waters.
Mortality
Up to 50% hatch, exposure to 0.1 and 1 g/L Ag had no significant effect on daily percent mortality in embryos and larvae relative to exposure to 0 g/L Ag at all water hardness levels ( Fig. 1 and Table 2 ). Following hatch, daily percent mortality in embryos and larvae reared at 1 g/L Ag but not at 0.1 g/L Ag was significantly greater than in embryos and larvae reared at 0 g/L Ag in soft water (2 mg/L) and mod- Table 2 . Toxicological responses of rainbow trout eggs and larvae exposed to 0, 0.1, and 1 g/L total Ag (as AgNO 3 , nominal values) at 2, 150, and 400 mg/L as CaCO 3 water hardness (nominal values) under flow-through conditions from fertilization to swim-up. Median times to hatch and swim-up were determined by log-probit analysis. Statistical comparisons were performed using a one-way analysis of variance, followed by a Tukey's post hoc test a Indicates a significant difference from the 2-mg/L hardness treatment at the corresponding water silver concentration. b Indicates a significant difference from the 0-g/L Ag treatment at the corresponding water hardness. c Indicates a significant difference between the 150-and 400-mg/L hardness treatments at the corresponding water silver concentration.
erately hard water (150 mg/L). Daily percent mortality in larvae exposed to 1 g/L Ag was significantly greater at 2 mg/ L than at 150 or 400 mg/L hardness, although no significant differences in mortality were observed among the latter two hardnesses. Up to 50% hatch, daily percent mortality in embryos/larvae exposed to 0 g/L Ag was significantly greater at 2 mg/L hardness than at 150 or 400 mg/L hardness, although no significant differences in mortality were observed among the latter two hardnesses ( Fig. 1 and Table 2 ). No significant differences in daily percent mortality were observed among water hardnesses following hatch. Cumulative percent mortality reached approximately 65, 32, and 34% in the soft, moderately hard, and hard water exposures, respectively, in embryos/larvae exposed to 0 g/L Ag ( Table 2) .
Time to 50% hatch
Exposure to 0.1 and 1 g/L Ag had no significant effect on time to 50% hatch in embryos relative to exposure to 0 g/L Ag at all water hardness levels ( Table 2) .
Time to 50% swim-up
Time to 50% swim-up in larvae exposed to 1 g/L Ag was delayed relative to larvae exposed to 0 g/L Ag in soft water (2 mg/L; Table 2 ). In fact, larvae exposed to 1 g/L Ag did not reach 50% swim-up within the 64-d exposure period, while larvae exposed to 0 g/L Ag reached 50% swim-up in 55.69 Ϯ 0.73 d. Exposure to 0.1 g/L Ag had no significant effect on time to 50% swim-up relative to larvae exposed to 0 g/ L Ag at all water hardness levels.
At 0 and 1 g/L Ag, time to 50% swim-up in larvae exposed at 2 mg/L hardness was significantly delayed relative to larvae exposed at 150 or 400 mg/L hardness ( Table 2) 
DISCUSSION
Chronic silver toxicity
In the present study, exposure to 1 but not to 0.1 g/L Ag significantly increased mortality relative to exposure to 0 g/ L Ag, but only in embryos and larvae reared in soft water (2 mg/L) and moderately hard water (150 mg/L) and only following 50% hatch ( Fig. 1 and Table 2 ). No significant effects of silver on time to 50% hatch were observed; however, 50% swim-up was not achieved over the course of the experiment by embryos/larvae exposed to the highest silver concentration (1 g/L) in soft water (Table 2) . Overall, the results of the present study suggest that the current Canadian Water Quality Guideline for silver of 0.1 g/L [18] is more than sufficient in preventing mortality as well as altered development in early life stages of rainbow trout. In fact, in most cases, the guideline offers 10-fold or more protection at environmentally relevant water chemistries.
The increased mortality following hatch caused by exposure to 1 g/L Ag may be due to the loss of the chorion at hatch. Following hatch, the chorion is no longer present to impede silver movement into the embryo, potentially resulting in greater mortality [16, 22] . Fifty percent swim-up may not have been achieved over the course of the experiment because of an impairment in yolk utilization by the larvae, perhaps a consequence of reduced activity with metal exposure [23] .
Water hardness and chronic silver toxicity
Increasing water hardness was modestly protective against exposure to 1 g/L Ag in soft and moderately hard water in early life stages of rainbow trout, offering protection against the elevated mortality and delays in time to 50% swim-up (Table 2) . Likely, the mechanisms involved a reduction in silver-induced ionoregulatory impairment [14] [15] [16] 24] as well as general positive effects of Ca 2ϩ (discussed in the following). The overall modest protective effects of water hardness during chronic exposure are not surprising given the modest protective effects during acute silver exposure [4, 5] and the modest protective effects of other water chemistry parameters during chronic exposures. For example, added dissolved organic carbon decreased mortality before hatch in trout embryos exposed 1646 Environ. Toxicol. Chem. 24, 2005 T.P. Morgan et al. to 10 g/L silver but not following hatch, and no effect on time to 50% hatch was observed [15] . An increase in the water chloride concentration offered no protection against silver-induced mortality and had no effect on time to 50% hatch or swim-up in trout exposed to 0.1 and 1 g/L silver over the same developmental period [24] . Possibly, the degree of protection offered by hardness may be greater in juvenile or adult rainbow trout chronically exposed to silver. Still, protection by water hardness may be unimportant over the entire life cycle because the most sensitive developmental stages of the most sensitive species are used to develop the Canadian Water Quality Guideline, and the early life stages of teleosts are believed to be the most sensitive to pollutants [23] .
Prediction of chronic silver toxicity
A BLM for prediction of acute silver toxicity has been developed [12] and evaluated by the U.S. Environmental Protection Agency [25] for use in the generation of water quality criteria for silver. In essence, the BLM predicts toxicity by estimating gill silver accumulation, taking into consideration the protective effects of water chemistry on toxicity. Currently, considerable interest exists in the development of a BLM for prediction of chronic silver toxicity, which may be more relevant in natural freshwater habitats and more relevant to jurisdictions such as Canada that regulate on the basis of chronic protection. While we now understand the effects of dissolved organic carbon, Cl Ϫ , and hardness on chronic silver toxicity in early life stages [15,24, present study], a need still exists to evaluate the effects of other water chemistry parameters, including Na ϩ and sulfide, which have been demonstrated to be important in modifying acute silver toxicity in rainbow trout [6, 25] . These data can then be used to develop a chronic BLM for calculation of site-specific chronic water quality guidelines for silver.
Water hardness and survival/development
Even in the absence of silver, hardness had a positive effect on early life stage survival and development in rainbow trout. Cumulative percent mortality was reduced from 65% in the soft water exposures to 32 and 34% in the moderately hard and hard water exposures, respectively (Table 2 ), similar to rates reported in other early life stage studies with rainbow trout [16] . Therefore, interpretation of the data from the soft water treatments may be somewhat compromised by the low control survival. Inadequate water Ca 2ϩ was probably the key deficit in this very soft water. Brown and Lynam [26] noted that 10 mg/L Ca 2ϩ was required for survival of freshly fertilized brown trout (Salmo trutta L.) eggs in water of low pH, while 1 mg/L Ca 2ϩ was required for survival of larvae. These are higher than the concentration of Ca 2ϩ in our soft water exposures (0.015 mM ϭ 0.6 mg/L; Table 1 ). Protection likely arises through the provision of adequate Ca 2ϩ for processes such as egg chorion hardening and activation of hatching enzyme [27] , skeletal calcification [28] , and stabilization of membrane permeability [9] [10] [11] . The protective effect of hardness on time to 50% swim-up in the absence of silver likely arises through similar mechanisms.
